N. Differential contribution of Kv4-containing channels to A-type, voltage-gated potassium currents in somatic and visceral dorsal root ganglion neurons.
PRIMARY AFFERENT NEURONS RESPONSIBLE for pain sensation contain lightly myelinated or unmyelinated fibers with medium-to small-sized cell bodies. Neurons with unmyelinated fibers (C-fiber neurons) are responsible for chronic and intractable pain with clinical significance. Neurochemically, C-fiber neurons are divided further into two major subtypes. One group contains neuropeptides, such as calcitonin gene-related peptide (CGRP) and substance P, whereas the other group lacks peptides but contains fluoride-resistant acid phosphatase activity and binds to the Griffonia simplicifolia isolectin B4 (IB4) (Nagy and Hunt 1982; Silverman and Kruger 1990) . Although the presence of two C-fiber neuron types is well established, their differences in innervating tissues remain uncertain. For example, retrograde labeling indicated that dorsal root ganglion (DRG) neurons, innervating the skin and bladder, consist of both IB4-positive and -negative cells (Bennett et al. 1996) . More IB4-positive cells are found in skin afferents than bladder afferents, suggesting that the two types of C-fiber neurons may preferentially innervate somatic or visceral tissues (Bennett et al. 1996) . However, the proportion of IB4-positive cells in somatic or visceral afferent pathways varies among studies (Ambalavanar et al. 2003; Bennett et al. 1996; Dang et al. 2005; Hwang et al. 2005; Ivanavicius et al. 2004; Lu et al. 2001; Yoshimura et al. 2003) .
Voltage-gated K ϩ (Kv) currents are major determinants of neuronal excitability. Kv currents in sensory neurons are divided into two major categories: sustained, delayed rectifier-type K ϩ (K DR ) and transient A-type K ϩ (K A ) currents (Gold et al. 1996; Hall et al. 1994; Kostyuk et al. 1981; Yoshimura et al. 1996) . K A currents in DRG cells consist of at least two different components, based on their inactivation kinetics (i.e., fast-and slow-inactivating K A currents) (Akins and McCleskey 1993; Everill et al. 1998; McFarlane and Cooper 1991) . The slow-inactivating K A current in DRG neurons is partially inhibited by ␣-dendrotoxin, a Kv1 channel blocker (Yang et al. 2004) . Furthermore, chronic bladder inflammation increases excitability of capsaicin-sensitive C-fiber bladder afferent neurons due to reductions in the slowinactivating K A current and Kv1.4 channel expression (Hayashi et al. 2009; Yoshimura and de Groat 1999) . Thus Kv1.4-containing Kv1 family channels are responsible, at least in part, for the K A current in visceral afferent neurons. Other potential molecular correlates of the K A current include Kv4 family channels. Kv4.x subunits constitute a K A -like, rapidly inactivating channel (Birnbaum et al. 2004 ). Kv4.3-immunoreactive proteins were found in the somata of a subset of nociceptive DRG neurons (Chien et al. 2007 ). We also reported recently that Kv.4.1 mRNA is expressed in all sizes of rat DRG neurons, using in situ hybridization techniques (Matsuyoshi et al. 2012) . Thus multiple Kv subunits may significantly participate in forming K A channels, yet molecular correlates of K A currents in distinct target tissues, cell morphologies, and other properties still remain unclear.
We therefore set out to identify cellular and electrophysiological characteristics of K A channels in DRG neurons innervating somatic and visceral tissues. Here, we show that IB4 intensely positive neurons innervate the somatic tissue but not the bladder. Moreover, phrixotoxin 2 (PaTx2), a Kv4 channel blocker, exhibits distinct voltage-dependent inhibitions of heterologously expressed Kv4.x currents. With the use of this toxin, we identify further the functional contribution of Kv4.1/ 4.3 subunits to the K A channel in IB4 intensely positive C-fiber neurons that contain somatic afferent cells. 
Glossary

MATERIALS AND METHODS
Animal Preparation and DRG Cell Dispersion
Adult female Sprague-Dawley rats (200 -250 g; Hilltop, Scottdale, PA) were used. All animal experiments were carried out in accordance with institutional guidelines and were approved by the Institutional Animal Care and Use Committee at the University of Pittsburgh and with the guidelines by the U.S. National Institutes of Health regarding the care and use of animals for experimental procedures. Fast Blue (FB; 2% w/v; EMS-Chemie, Zürich, Switzerland) was injected into the bladder wall to identify afferent neurons innervating the bladder as visceral neurons by retrograde axonal transport of the fluorescent dye, as described previously (Hayashi et al. 2009; Yoshimura and de Groat 1999) . Briefly, the bladder was exposed by a midline lower-abdominal incision, and the dye was injected with a 30-gauge needle at four to six sites (20 l total vol) on the surface of the bladder under isoflurane anesthesia (1-2%). At each injected site, the needle was kept in place for 20 -30 s, and any leakage of dye was removed by application of cotton swab. The injection site was then rinsed with saline, and the incision was closed. In a separate group of animals, we injected FB into the dermis surrounding the external urethral orifice at four sites (20 l total vol) to identify afferent neurons innervating the skin as somatic neurons. After 6 -9 days, under isoflurane anesthesia, the L6 and S1 DRG were removed, minced, and incubated for 25 min at 37°C in DMEM (Sigma-Aldrich, St. Louis, MO), containing 0.3 mg/ml trypsin (type III; Sigma-Aldrich), 1 mg/ml collagenase (type I-A; Sigma-Aldrich), and 0.1 mg/ml deoxyribonuclease (type IV; SigmaAldrich). Trypsin inhibitor (type II-S; Sigma-Aldrich) was then added to neutralize the enzyme activity. Individual DRG cell bodies were isolated by trituration and plated on poly-D-lysine-coated, 8 mm round coverglasses and incubated at 37°C overnight before patch-clamp experiments. Just before the experiments, single cells were stained by G. simplicifolia IB4-FITC (3 g/ml; Axxora, San Diego, CA) for 5 min. The staining condition of IB4-FITC does not influence Kv currents in DRG neurons, including K A currents (Vydyanathan et al. 2005) .
Morphological Characterization in Native DRG Neurons
The coverglass with cultured cells was mounted on a cell chamber for patch-clamp recordings. Microscopic characterization of cells was performed by measuring cell diameter and fluorescence intensities of FB and IB4-FITC by visual inspection (done by one examiner, T.Y.). The degree of IB4 staining in the cell membrane was divided into three grades: grade 0, weakly or nonstained (including cytosol-stained cells); grade 1, moderately stained on the whole circle of the cell membrane; grade 2, intensely stained on the whole circle of the cell membrane.
We also verified this visual grading using the fluorescence intensity of individual cells. Briefly, we quantitatively measured the staining intensity of 92 DRG neurons, randomly photographed during experiments using ImageJ software. The lowest and highest intensities of IB4 staining were rated as 0% and 100%, respectively. With the use of this scale, all visually classified grades 0, 1, and 2 cells fell into the measured fluorescence intensity: Ͻ20% of the highest intensity (32 of 92 cells; 34.8%), between 20 and 70% (41 of 92 cells; 44.6%), and Ͼ70% (19 of 92 cells; 20.6%), respectively.
Constructions and Transfection
We used Kv4.x channels containing a Myc tag at the N-terminus for this study. Addition of the tag allowed the easy detection of channel protein expression. Myc-tagged Kv4.x, Kv1.4, and Kv2.1 cDNAs were constructed previously in our laboratory (Ren et al. 2003) . We targeted the four-amino acid portions in the carboxyl terminal of the S3 region (S3b) to test its roles in voltage dependence of the toxin effects (see Fig. 6 ). Replacement of the four-amino acid sequences between Kv4.1 and Kv4.2 was done using a two-step, overlapped PCR with primers containing a part of the other channel subunit sequence. Obtained constructs were verified by DNA sequencing.
Chinese hamster ovary (CHO)-K1 cells on an 8-mm coverslip were transfected with expression constructs for Myc-tagged mouse Kv4.1, rat Kv4.2, and rat Kv4.3 at the cDNA ratio 1:4 -1:8 using Lipofectamine PLUS (Invitrogen, Life Technologies, Grand Island, NY). We also transfected rat Kv1.4 and rat Kv2.1 on CHO-K1 cells. A small amount of Emerald-C1 (10 ng/dish) was included in transfection for visualization of transfected cells (Takimoto et al. 2002) . One or 2 days after transfection, at ϳ10% confluence, the membrane currents of the cells were recorded using patch-clamp methods.
Whole-Cell, Patch-Clamp Recording Procedure
The setup of the patch-clamp experimental system used was essentially the same as described previously (Hayashi et al. 2009; Yoshimura and de Groat 1999) . Briefly, a whole-cell, voltage-clamp recording was performed on dispersed, native DRG neurons or cultured CHO-K1 cells with an Axopatch-700B patch-clamp amplifier, and data were acquired and analyzed by pCLAMP 8 software at a sampling rate of 1,000/s (Axon Instruments, Union City, CA). The filter was set to Ϫ3 dB at 2,000 Hz, and the P/N protocol was used to subtract leak currents. Whole-cell input capacitance was neutralized directly from the amplifier. Current traces were low-pass filtered by the digital filter of the data acquisition program (pCLAMP 8). Patch electrodes were fabricated from borosilicate capillary tubing and had resistances of 3-7 M⍀ when filled with the internal solution. During recordings, isolated DRG neurons and CHO-K1 cells were superfused with bath solution at a flow rate of 2.0 ml/min in a chamber with a 0.30-ml vol at room temperature (20 -22°C). Patch pipettes were filled with a solution containing the following (in mM): 140 KCl, 1.0 CaCl 2 , 2.0 MgCl 2 , 11 EGTA, 2.0 ATP, 0.40 GTP, and 10 HEPES, titrated to pH 7.4 with Tris base.
For patch-clamp experiments in native DRG neurons, we selected two populations of single cells: 1) FB-positive bladder afferent neurons smaller than 30 m in diameter and 2) intensely stained cells with IB4-FITC. Note that there was no overlap in these two populations (see Table 3 ). We obtained outward K DR currents by depolarizing step pulses from a holding potential of Ϫ40 mV for 500 ms, and the outward K A current was obtained by subtracting K DR from the outward currents activated from the holding potential of Ϫ120 mV (I Ϫ120 ), as established previously (Hayashi et al. 2009; Yoshimura and de Groat 1999) .
The extracellular solution, which contained the following (in mM): 150 choline-Cl, 5.0 KCl, 0.03 CaCl 2 , 3.0 MgCl 2 , 10 D-glucose, and 10 HEPES/Tris-base (pH 7.4), was used to suppress inward Na ϩ and Ca 2ϩ currents. At the end of experiments, all neurons investigated their capsaicin (1 M) sensitivity by switching the bath solution to the following solution (in mM): 150 NaCl, 5.0 KCl, 2.5 CaCl 2 , 1.0 MgCl 2 , 10 D-glucose, and 10 HEPES/Tris-base (pH 7.4). Only the capsaicin-sensitive cells were enrolled into analysis.
In Kv channel-expressed CHO cells, Kv currents were evoked by depolarizing voltage pulses from holding potentials of Ϫ100 mV. The extracellular solution included the following (in mM): 150 NaCl, 5.0 KCl, 2.5 CaCl 2 , 1.0 MgCl 2 , 10 D-glucose, and 10 HEPES/Tris-base (pH 7.4).
Drugs
All drugs were dissolved directly into the extracellular solution. PaTx2 was applied to the cell by injection into the bath solution. Recombinant PaTx2 was purchased from Alomone Labs (Jerusalem, Israel). The rest of the chemicals were purchased from Sigma-Aldrich.
Equation for Curve Fitting of the Steady-State Activation and Inactivation of K A and Kv4 Currents
The peak outward current amplitude, evoked by depolarization from the holding potential of Ϫ100 mV to various potentials, from Ϫ60 to ϩ50 mV every 10 mV, was recorded to estimate the peak K ϩ conductance. The duration from a pulse to the next pulse was 5 s. The steady-state activation curve was plotted as the G/G max (control) vs. the test potential (V) concerning the theoretical equilibrium potential of K ϩ in 20°C. The data were fitted by the modified Boltzmann equation
Steady-state inactivation was determined by depolarizing voltage steps to ϩ20 mV, following 1 s conditioning prepulses from Ϫ120 to ϩ20 mV. The inactivation curve was plotted as the I/I max vs. the potential of the conditioning prepulse (V). The data were fitted by the modified Bolzmann equation
Equation for Curve Fitting of the Effects of PaTx2 on Expressed Kv4 Currents
The peak inward current amplitude, evoked by depolarization from the holding potential of Ϫ100 mV to ϩ30 mV for a duration of 300 ms every 15 s (0.067 Hz), was measured to obtain a concentrationresponse relationship of toxins. The mean amplitude (I) of two outward currents, just before application of toxins, was taken as the control level, and the amplitude of current (mean of two stable depolarization-induced currents) during toxin application (4 -7 min after application) was estimated. The curve was drawn by fitting the equation using the least squares method
RT-PCR Analysis
Total RNAs were isolated from L6 and S1 DRGs and forebrains, and RT reaction and PCR analyses are performed as described previously (Takimoto et al. 2006) . We also performed PCR analyses for Kv4.1 and Kv4.3 mRNA expression in laser-captured DRG neurons. L6 DRGs were removed from rats that had been injected with FB into the bladder wall, 1 wk earlier, and serially sectioned at 8 m thickness. Every third section was mounted onto polyethylene naphthalate membrane slides (Leica Microsystems, Wetzlar, Germany) to avoid repeated excision of cells. Slides were then stained with IB4-FITC conjugate (50 g/ml in PBS) for 5 min, rinsed with PBS, and air dried. The slides were observed using a fluorescence microscope with the appropriate filter, and laser capture microdissection (LCM) was performed using the Leica LMD6000. DRG cells, labeled with FB or stained with IB4 (n ϭ 20 cells each/animal), were laser captured into 0.5 ml Eppendorf tube caps. RNA was isolated from captured individual tissue specimens, followed by DNase treatment. RT and real-time PCR were performed using the TaqMan One-Step RT-PCR Master Mix Reagents Kit (Applied Biosystems, Carlsbad, CA; Tables 1 and 2 ). Gene-specific primers and TaqMan probes were designed with Primer3 Software (http://biocompute.bmi. ac.cn/CZlab/Primer3Plus/primer3plusAbout.cgi). Probes contained 6-carboxyfluorescein (FAM) fluorophore and tetramethylrhodamine (TAMRA) quencher. The primer and probe combination was optimized within suitable ranges for efficiency and correlation coefficient using standard curve dilutions and data output on the ABI StepOne Plus thermocycler (Applied Biosystems). Amplification of cDNA was performed under the following conditions: one cycle of 50°C for 2 min, 95°C for 10 min, followed by 40 cycles of 15 s at 95°C and 60 s at 60°C. The reactions were analyzed in triplicate and normalized to GAPDH. Real-time PCR data were analyzed by the difference in crossing point (Cp) method, as R ϭ 2^(Cp sample Ϫ Cp control) to generate the relative expression ratio (R) of each target gene relative to GAPDH.
Statistical Analysis
Statistical analyses were performed with nonparametric MannWhitney test (see Table 5 ) and nonparametric Wilcoxon signed-rank test (see Figs. 3 and 7, and see Table 6 ). Changes were considered significant at *P Ͻ 0.05, and **P Ͻ 0.01. Data are expressed as mean with the SE, except those (see Table 5 ) that were expressed as mean with SD.
RESULTS
Characterization of Bladder and Cutaneous DRG Neurons
We first examined IB4-FITC binding to acutely dissociated, live L6-S1 DRG neurons from animals that had been injected with FB at the bladder walls. Dissociated, single DRG neurons (530 cells) were observed as round-to oval-shaped cells, in which 11% (59 cells) were FB-positive bladder afferent neurons (Fig. 1A) . Staining with IB4-FITC provided various fluorescence intensities. We classified cells based on the IB4-staining level into three categories: cells showed no or negligible fluorescent staining (IB4:0), whereas others exhibited moderate to intense signals (moderate, IB4:1; intense, IB4:2; Fig. 1 and Table 3 ). The analysis of 530 cells from three rats in this fashion indicated that Ͼ 1 ⁄3 of cells were moderately stained with IB4, whereas ϳ20% of cells were intensely stained (Table 3) . IB4-stained cells were distributed in various sizes of DRG neurons (Fig. 1B) . We also verified visual evaluation of IB4-FITC signal intensity by measuring the fluorescence intensity of 92 DRG neurons, randomly photographed during experiments. The fluorescence intensity of grades 0, 1, and 2 cells, judged by visual evaluation, was Ͻ20% (32 of 92 cells; 34.8%), between 20 and 70% (41 of 92 cells; 44.6%), and Ͼ70% (19 of 92 cells; 20.6%) of the highest value among DRG neurons, respectively, demonstrating that our visual evaluation method is appropriate to classify DRG neurons based on IB4-staining intensity. FB-positive bladder afferent neurons showed only negative to weak (IB4:0, 35/59 cells ϭ 59%) or moderate (IB4:1, 24/59 cells ϭ 41%) IB4-FITC staining and were never intensely stained with IB4-FITC (Fig. 1A) .
L6-S1 DRG also contains somatic afferent neurons innervating the external skin area surrounding the urethra through the pudendal nerve. Therefore, we analyzed a total of 260 cells from three rats that had been injected with FB at the external urethral dermis (Fig. 2 and Table 4 ). Among those, 34 cells (13%) were FB-positive cutaneous afferent neurons. As expected, three IB4-staining categories represented similar proportions to the above experiments. Likewise, no apparent correlation between IB4-staining intensity and cell size was observed. However, FB-positive cutaneous afferent neurons included many IB4-stained cells, and Ͼ¼ of FB-positive cells were intensely stained with IB4-FITC (IB4:2, 9/34 cells). Thus intense IB4-positive cells constitute a subpopulation of somatic afferent neurons innervating the urethral external skin, whereas visceral afferent neurons innervating the bladder consist of IB4-negative to moderately stained cells. Hence, afferent neurons with distinct IB4-staining intensities may preferentially innervate either cutaneous or visceral tissues.
Distinct Effects of PaTx2 on K A Currents in Bladder Afferent and IB4-Positive Neurons
K A currents play important roles in controlling activity of excitable cells, including sensory neurons. We wished to identify functional differences in K A currents between cutaneous and visceral afferent neurons. We chose two populations of L6-S1 DRG neurons, Ͻ30 m in diameter, from rats injected with FB in the bladder: 1) IB4 intensely stained cells and 2) FB-positive cells. The former represents a subpopulation of somatic afferent neurons, whereas the latter corresponds to a fraction of bladder afferent neurons. There was no overlap in these two neuron types. All of the tested cells in the two groups showed the response to capsaicin (1 M) to induce inward current, indicating that they were capsaicin-sensitive C-fiber afferent cells. The peak current density of the capsaicininduced inward current was 80 Ϯ 4.7 pA/pF (n ϭ 24) in IB4 intensely stained neurons and 89 Ϯ 12 pA/pF in bladder afferent neurons (n ϭ 11).
Kv currents were recorded using two holding potentials to obtain K DR and K A current components. K DR currents were evoked from a holding potential of Ϫ40 mV, whereas K A currents were obtained by subtracting K DR currents from I Ϫ120 , as we reported previously (Hayashi et al. 2009; Yoshimura and de Groat 1999) . Peak amplitudes of K A and K DR were larger in IB4 intensely stained cells than those in bladder afferent cells (P Ͻ 0.01, Mann-Whitney test; Table 5 ). The Vh in steady-state activation and inactivation was lower in IB4 intensely stained cells than those in bladder afferent neurons (P Ͻ 0.01 for steady-state activation, and P Ͻ 0.01 for steady-state inactivation, Mann-Whitney test; Table 5 ). These differences indicate that the bladder afferent cells possess a typical slowly inactivating K A current, as we have reported previously (Yoshimura and de Groat 1999; Yoshimura et al. 1996) , whereas IB4 intensely positive cells display K A currents with faster kinetics.
Recent studies indicate that Kv4.x subunits are significantly expressed in DRG neurons (Matsuyoshi et al. 2012; Phuket and Covarrubias 2009 ). To identify the functional contribution of Kv4 channels to K A currents in DRG neurons, we tested the effect of a Kv4 blocker, PaTx2, on the currents. Application of PaTx2 at 1 M significantly inhibited the K A current in IB4 intensely positive cells (P Ͻ 0.01 for PaTx2, 500 nM; P Ͻ 0.01 for PaTx2, 1,000 nM; Wilcoxon signed-rank test) without significant influence on the K DR current (96 Ϯ 0.85% of the predrug value for PaTx2, 1,000 nM, n ϭ 13; Fig. 3, A, B, and  D) . In contrast, PaTx2 produced no effect on the K A currents in FB-positive bladder afferent neurons (Fig. 3, C and D) . These results indicate that Kv4 family channels contribute to the K A current in IB4 intensely stained afferent neurons that represent a subpopulation of somatic afferent cells. In contrast, these Total 260 cells. FB was injected into the skin surrounding the external urethral orifice at 4 sites (20 l total vol) in each animal. channels do not contribute significantly to the K A current in bladder afferent neurons.
PaTx2 is closely related to the gating-modifying toxins that act on Kv2 and/or Kv4 channels, such as hanatoxins and heteropoda toxins (Diochot et al. 1999; Escoubas et al. 2002; Sanguinetti et al. 1997; Swartz and MacKinnon 1995) . These toxins usually exhibit voltage-dependent inhibition of target channel currents. We found that PaTx2 similarly inhibited the K A current in IB4 intensely positive DRG neurons at all depolarizing pulses (Fig. 4A) . No apparent voltage shift was seen in the normalized steady-state activation curves before and after application of PaTx2 (Fig. 4B) . The toxin produced no significant changes in time constants for activation and inactivation, although it tended to slow both processes at all voltages (Fig. 4, C and D) . Thus PaTx2 voltage independently blocks the K A current in IB4 intensely stained cells without apparent effects on activation or inactivation.
Distinct Effects of PaTx2 on Heterologously Expressed Kv4 Channels
The lack of voltage dependence of the toxin action on the native K A current stimulated us to test whether the toxin might similarly inhibit heterologously expressed Kv4 currents in a voltage-independent fashion. We expressed N-terminally Myctagged rat Kv4.1, Kv4.2, or Kv4.3 channels in CHO cells. Transient outward K ϩ currents were evoked by depolarizing voltage pulses in channel cDNA-transfected cells (Fig. 5 , A-C). The inactivation time courses were slightly slower than those obtained with the corresponding channels without a tag (time constants of inactivation at 30 mV were 56.3 Ϯ 6.8 ms for wild-type Kv4.3 and 104.7 Ϯ 22.3 ms for Myc-tagged Kv4.3; unpublished observation). The toxin at 500 nM significantly reduced the peak amplitude of all Kv4.x currents (P Ͻ 0.01 for all Kv4.x currents evoked with depolarization to 0 mV ϩ (K DR ) current (I DR ) from the outward currents activated from the holding potential of Ϫ120 mV (I Ϫ120 ). I DR and I Ϫ120 were evoked by a depolarizing voltage step to 0 mV from the holding potential of Ϫ40 mV and Ϫ120 mV, respectively. A and C: representative I Ϫ120 , I DR , and I A before (Control) and after application of 1 M PaTx2 in an IB4 intensely positive neuron (A) and a bladder afferent neuron (C). B: the time course of PaTx2 effects on peak I A amplitudes in an IB4 intensely positive neuron. D: the concentration-response relationship of PaTx2. Relative peak I A amplitudes were determined using the level before application of PaTx2 (control) as 1 from the same cell. In IB4 intensely positive cells, PaTx2 decreased the K A current in a concentration-dependent manner: 300 nM, 0.93 Ϯ 0.024; 500 nM, 0.87 Ϯ 0.019; 1,000 nM, 0.74 Ϯ 0.040 (n ϭ 4ϳ18). Peak I A amplitudes at 500 and 1,000 nM PaTx2 were significantly different from the control level in IB4 intensely positive cells (**P Ͻ 0.01 for PaTx2, 500 nM; **P Ͻ 0.01 for PaTx2, 1,000 nM, Wilcoxon signed-rank test). In contrast, PaTx2 exhibited no significant changes in peak I A amplitudes in bladder afferent neurons: 500 nM, 0.98 Ϯ 0.0050; 1000 nM, 0.94 Ϯ 0.023 (n ϭ 6ϳ11). The data are expressed as means Ϯ SE. and ϩ30 mV, Wilcoxon signed-rank test; Fig. 5, A-C) . The estimated K i values were 230 nM, 120 nM, and 110 nM for Kv4.1, Kv4.2, and Kv4.3 currents evoked with depolarization to ϩ30 mV, respectively (Table 6 ). No detectable effects were seen with Kv1.4 or Kv2.1 currents at 500 nM (data not shown). Hence, PaTx2 is specific for Kv4 family channels in this concentration range.
IB-4 intensely positive neuron
Importantly, we found that PaTx2 produced distinct inhibitory actions on Kv4 currents. The toxin similarly reduced Kv4.1 current elicited by pulse voltages at 0 and ϩ30 mV, whereas it caused more pronounced inhibition of Kv4.2 and Kv4.3 currents at the lower pulse voltage (Fig. 5D) . The toxin did not apparently change the voltage dependence of steadystate activation (Fig. 5A) or inactivation (Fig. 5E ) for the Kv4.1 current. In addition, no significant changes in the time constants for activation or inactivation were observed at any pulse voltages for the current (Fig. 5A) . In contrast, the toxin caused clear changes in these parameters for Kv4.2 and Kv4.3 currents. The steady-state activation (Fig. 5, B and C) and inactivation (Figs. 5E) curves were shifted to more positive voltages with significant changes in the time constants for activation and inactivation (Fig. 5, B and C) . These results indicate that the toxin voltage independently and dependently inhibited Kv4.1 and Kv4.2/Kv4.3 currents, respectively. It should be noted, however, that Kv4.3 current exhibited a complex behavior upon the toxin treatment and might involve, in part, voltageindependent inhibition by the toxin. For instance, the current showed a less obvious, positive shift in the steady-state inactivation (Fig. 5E) .
The observed different inhibitory modes of Kv4 channels might arise from sequence differences in their interaction site with PaTx2. Specifically, the latter part of the third transmembrane S3 is a major interaction site with gating modifier toxins. Sequence alignment of Kv4 polypeptides revealed divergence of four amino acids in this portion (Fig. 6A) . Therefore, we set out to test if swapping this portion between Kv4 proteins might transfer voltage dependence of the toxin action. Since Kv4.1 and Kv4.2 channels show apparent differences in the toxin inhibition, we generated the two-channel proteins with the four-amino acid sequence of the other at the corresponding site (Kv4.1-VMTD and Kv4.2-FVPK). Kv4.1-VMTD exhibited most of the characteristics of the wild-type Kv4.2 channel in the toxin inhibition. The toxin produced larger inhibition at lower pulse voltage (Fig. 6D ) and shifted steady-state activation and inactivation curves to the right (Fig. 6, B and E) . Time constants for inactivation were also reduced at lower voltages. Similarly, Kv4.2-FVPK showed voltage-independent inhibition by the toxin. The toxin similarly decreased Kv4.2-FVPK current at different pulse voltages (Fig. 6D) without an apparent shift in the steady-state inactivation curve and time constants ( Fig. 6, E and B) . These results indicate that the fouramino acid portion at the end of S3 determines voltage dependence of the inhibition by PaTx2.
Expression of Kv4 mRNAs in DRG Neurons
We performed RT-PCRs to detect the expression of Kv4 mRNAs. Abundant expression of Kv4.1 and the long isoform of Kv4.3 mRNAs were seen in L6-S1 DRGs (Fig. 7A) . In contrast, a very low level of the Kv4.2 message was detected. These findings indicate that DRG neurons are largely devoid of Kv4.2. We then compared the expression level of Kv4.1 and Kv4.3 mRNAs between bladder afferent neurons and IB4-stained DRG neurons using LCM methods (Fig. 7B ). Although the difference in IB4-staining intensity (e.g., intense vs. moderate staining) is less obvious in DRG sections (Fig. 7B ) compared with the cell culture system (Figs. 1 and 2) , we laser captured DRG cells, which were not labeled by FB injected into the bladder wall, with relatively strong IB4 staining. Real-time PCR analysis detected higher expression of Kv4.1 and Kv4.3 mRNAs in laser-captured, IB4-stained neurons than in FBlabeled bladder afferent neurons (n ϭ 6 rats; P Ͻ 0.05 for both Kv4.1 and Kv4.3, Wilcoxon signed-rank test; Fig. 7, D and E) .
Taken together, the findings suggest that selective expression of the pore-forming Kv4.1 and possibly Kv4.3 in IB4 intensely stained afferent neurons contributes to the observed voltage-independent inhibition of the K A current.
DISCUSSION
IB4 Staining of Bladder and Cutaneous Afferent Neurons in Rats
Several groups have reported various percentages of IB4-positive cells in adult rat bladder afferents (L6-S1): 14% (adult female) (Yoshimura et al. 2003) , 29% (adult male) (Bennett et al. 1996) , 48% (adult male) (Hwang et al. 2005) , and 61% (adult male) (Dang et al. 2005) . Dang et al. (2005) reported the highest rate of IB4 staining in bladder afferents, possibly due to the high-intensity staining by IB4-Alexa Fluor 488 used in their study, whereas IB4-FITC was used in other studies, including our current study. The former two groups also reported that the percentage of IB4-positive cells is higher in somatic afferent neurons than in bladder afferents: 27% (distal urethra, L6-S1 DRG) (Yoshimura et al. 2003) and 43% (medial ankle, L3 DRG) (Bennett et al. 1996) . Other studies have also found high percentages of IB4-positive cells in cutaneous somatic afferent neurons from lumber DRG of adult rats: 48% (knee) (Ivanavicius et al. 2004 ), 44% (vibrissal pad area) (Ambalavanar et al. 2003 ) using IB4-FITC, and 70% (footpads) (Lu et al. 2001 ) using IB4-Cy3.
In our current experiments with single, live DRG neurons, membrane staining of IB4-FITC was compared very clearly with an image of fixed and sliced sections. This condition with live cells allowed us to classify the level of IB4 staining. Instead of defining individual neurons as positive or negative, we therefore divided cells into three categories: grades 0 (no or weak staining), 1 (moderate staining), and 2 (intense staining). According to this classification, we found that bladder afferent neurons lack the IB4 intensely stained (grade 2) cells. On the contrary, skin afferent neurons contained significant IB4 intensely stained (grade 2) cells (24%). These results strongly suggest that IB4 intensely stained (grade 2) cells are not visceral afferents but represent a subpopulation of somatic afferent neurons. On the other hand, IB4 moderately stained (grade 1) cells were included in both bladder and skin afferent populations. Taken together, various percentages of IB4-positive cells in visceral and somatic DRG neurons in the previous studies might be attributable to different criteria used to identify IB4-positive cells. In particular, the previous studies might include or exclude in the positive category IB4 moderately stained cells, which were categorized as grade 1 in the current study. Fig. 6 . Effects of PaTx2 on Kv4 chimeric channels. A: amino acid sequences of the S3 region of rat Kv4.x pore-forming subunits are aligned. A box represents the 4-amino acid portion that is diverged among the Kv4 family channels. Bold letters indicate the amino acids that were swapped between Kv4.1 and Kv4.2. B and C: data were obtained using 500 nM PaTx2, except for B, ii-iv, in which 200 nM PaTx2 was used. Open and closed circles represent before and after application of PaTx2 (n ϭ 7-11). i: representative current traces before and after application of 500 nM PaTx2; ii: steady-state activation curves with broken lines generated with normalization using PaTx2 data; iii: act; and iv: decay. D: PaTx2 dose-dependent inhibition of Kv4 currents at 0 mV and 30 mV. E: steady-state inactivation. 
Electrical and Pharmacological Properties of K A Currents in Bladder Afferent and IB4 Intensely Positive Neurons
The IB4 staining results indicate that DRG cells, intensely stained with IB4-FITC, are a subpopulation of somatic afferent neurons but not visceral afferent neurons innervating the bladder. Thus the combination of FB injection into the bladder wall with IB4 staining of live, dissociated L6-S1 DRG cells allowed us to examine the differences in potassium currents in the same preparation. In this preparation, FB-positive cells were bladder-innervating visceral afferent neurons, whereas IB4 intensely stained neurons should represent a fraction of IB4-positive somatic afferent neurons. We found the following using these techniques: that 1) IB4 intensely stained DRG neurons exhibit a larger amplitude of K A currents than FBlabeled bladder afferent neurons, 2) activation and inactivation of K A currents in IB4 intensely stained DRG neurons are faster with more hyperpolarized, half-maximum potentials than those in bladder afferent neurons, and 3) the Kv4 channel blocker PaTx2 suppresses K A currents in IB4 intensely stained DRG neurons but has no effect on the current in bladder afferent neurons. Thus bladder afferent and IB4-positive neurons contain the K A current with distinct kinetic and pharmacological properties. Bladder afferent neurons appear to contain an almost exclusive, slow-inactivating current, whereas IB4-positive neurons contain fast-inactivating currents. The results with PaTx2 further suggest that Kv4 channels are responsible for the fast-inactivating current in IB4-positive afferents that corresponds to a subpopulation of somatic afferents.
Previous studies have shown that K A currents in sensory neurons, including DRG cells, consist of slow-and fastinactivating components (Akins and McCleskey 1993; Everill and Kocsis 1999; Everill et al. 1998; Gold et al. 1996; McFarlane and Cooper 1991; Yoshimura et al. 1996) . Slowinactivating K A currents are seen in capsaicin-sensitive C-fiber afferent neurons and are sensitive to dendrotoxin, a blocker of Kv1.1-and Kv1.2-containing channels. Furthermore, Kv1.4 subunits are significant in small-sized DRG neurons, including bladder afferent neurons (Hayashi et al. 2009; Rasband et al. 2001; Takahashi et al. 2013; Yang et al. 2004) . Therefore, Kv1 family channels, including the inactivating, ball-containing Kv1.4 subunit, are thought to carry the slow-inactivating K A current in C-fiber DRG neurons. The slow kinetics and insensitivity to PaTx2 of the K A current in bladder afferents are consistent with this idea. In contrast, the fast-inactivating K A current is generally seen in capsaicin-insensitive, myelinated A-fiber bladder afferent neurons (Yoshimura et al. 1996 show here that IB4 intensely stained cells that respond to capsaicin exhibit prominent K A currents with faster kinetics and PaTx2 sensitivity. Thus an IB4 intensely positive subpopulation of somatic C-fiber DRG neurons appears to possess fast-inactivating K A currents carried by Kv4 family channels.
Voltage-Dependent and -Independent Inhibition of Kv4 Channels by PaTx2
PaTx2 is a member of gating-modifying toxins that include hanatoxins and heteropoda toxins (Diochot et al. 1999; Escoubas et al. 2002; Sanguinetti et al. 1997; Swartz and MacKinnon 1995) . These toxins act on a nonpore region to exhibit voltagedependent inhibition of target channel currents (Corzo and Escoubas 2003; Norton and Pallaghy 1998; Swartz 2007; Zarayskiy et al. 2005) . With the use of heterologously expressed Kv4.x currents, we found that PaTx2 shows distinct voltage dependencies for their inhibition. The toxin altered the steady-state activation and inactivation curves of the Kv4.2 current to a positive potential. The toxin also increased timeconstant values in the raising and decaying phases of Kv4.2 current. These results indicate that the inhibition of Kv4.2 current by the toxin is mainly voltage dependent. On the other hand, the toxin caused little shift in the normalized, steadystate activation and inactivation curves of the Kv4.1 current without apparent changes in the time-constant values. Therefore, the toxin inhibits the Kv4.1 current in a voltage-independent fashion. The inhibition of the Kv4.3 current by the toxin seemed to include both inhibitory mechanisms. A similar voltage-dependent and -independent blockade of Kv4.x currents has been reported recently with heteropoda toxin 2 (Desimone et al. 2011 ). Similar to this report, we found that four amino acids at the end of S3 primarily determine voltage dependence of the toxin action. Thus gating-modifying toxins, including PaTx2, detect subtle differences in pore-forming subunit sequences at the specific region to produce distinct inhibitory mechanisms. Hence, these toxins appear to be useful tools to identify molecular correlates of the native currents.
We took advantage of the two inhibitory fashions by PaTx2 to determine molecular correlates of the K A current in IB4 intensely positive afferent DRG neurons that correspond to a subpopulation of somatic afferent cells. PaTx2 did not shift the normalized steady-state activation curve with minor changes in the time constants. Thus the toxin inhibition of the native K A current is mostly voltage independent. These findings support the idea that the K A channel in IB4 intensely stained DRG cells contains Kv4.1 and possibly Kv4.3 subunits. Our RT-PCR data are consistent with a less-obvious contribution of Kv4.2 in DRG neurons and revealed higher Kv4.1 and Kv4.3 mRNA levels in laser-captured, IB4-positive neurons than in bladder afferent neurons. There are certainly limitations in this interpretation. For instance, different Kv4.x subunits can form heteromeric channel complexes. The inhibitory fashion of heteromeric Kv4.x channel currents by the toxin might not linearly reflect the subunit composition. However, PaTx2 is considered to bind to each subunit in the tetrameric channel. Therefore, the obtained voltage-independent inhibition of the K A current likely represents the overall subunit ratio in the native, IB4 intensely positive afferent cells.
Previous immunochemical studies indicate the presence of Kv4.3 subunits in DRG cells. For example, Kv4.3-immunoreactive proteins were found selectively in the somata of a subset of nonpeptidergic (i.e., CGRP-negative), nociceptive DRG neurons (Chien et al. 2007 ). Although less is known about the protein expression of the Kv4.1 subunit, due to the lack of a high-quality commercial antibody against this protein, the expression of Kv4.1 mRNA has been reported in small-sized DRG neurons using a single-cell RT-PCR method (Phuket and Covarrubias 2009) . We also recently reported that Kv4.1 mRNA is expressed, not only in small-sized cells but also in all sizes of rat DRG neurons using in situ hybridization techniques (Matsuyoshi et al. 2012) . Our LCM study demonstrated further that Kv4.1 and Kv4.3 mRNA expression is higher in IB4-positive afferent neurons than that in bladder afferent neurons. However, the obtained Kv4 subunit mRNA levels do not necessarily indicate the functional contribution of Kv4.1 or Kv4.3 subunits to the K A current. In this regard, our electrophysiological data demonstrate the presence of the PaTx2-sensitive K A current in IB4 intensely stained neurons constituting a subpopulation of somatic afferent cells. The lack of voltage-dependent inhibition of this K A current supports a large contribution of Kv4.1 subunits to this current. It is important to note that IB4 intensely positive cells constitute a smaller fraction of somatic afferent neurons than those moderately stained. Thus further studies with IB4-negative and -moderately stained cells are needed to obtain a more complete view on molecular correlates of K A currents between somatic and visceral afferent neurons.
In conclusion, the reduction of K ϩ channel activity, including slow-and fast-inactivating K A currents, is one of the important mechanisms for hyperexcitability and chronic pain. The present study identified that Kv4.1 and possibly Kv4.3 subunits functionally contribute to K A channels in IB4 intensely stained neurons that correspond to a subpopulation of somatic afferent cells. Molecular correlates of K A channels in different afferent pathways could help to develop suitable molecular targets for the treatment of pain conditions of somatic and visceral organs.
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